The effect of behavioral activation on cerebral and cerebellar glucose metabolism was studied in normal subjects when performing either a verbal memory task or a tactile somatosensory task. Each subject was also stud ied in a resting state control condition, either I h earlier or later than the activation task. Compared to the resting state, both tasks produced asymmetrical metabolic acti vation, which was opposite in direction within the cere bral and cerebellar hemispheres. In both tasks, the differ ence of activation of CMRglc in the right and left hemi spheres in the cerebellum was negatively correlated with that in the sensory-motor region. This apparently cou-"Crossed cerebellar diaschisis" (CCD) has been frequently described in positron emission tomogra phy (PET) studies. CCD has been operationally de fined by a number of investigators as a reduction in metabolism or blood flow in the cerebellum contra lateral to a lesioned cerebral hemisphere (Baron et aI., 1980; Lenzi et aI., 1982; Martin and Raichle, 1983; Kushner et al., 1984; Patronas et al., 1984; Pantano et aI., 1986). The putative mechanism un derlying the phenomenon of CCD is a disruption of the known strong anatomical connections between opposite cerebral and cerebellar hemispheres, so that there is a reduction of the apparently tonic ef-
pled metabolic activation of one cerebellum and areas within the opposite cerebral hemisphere represents the inverse of the crossed cerebellar diaschisis phenomenon commonly observed when a vascular lesion affects one cerebral hemisphere and hypometabolism occurs in the opposite cerebellum. Because these correlations were se lective and concordant with known anatomical connec tions, and were found in two different tasks, they suggest strong functional connections between these specific brain regions. Key Words: Glucose metabolism Activation task-Cerebral connections.
fect of one hemisphere upon the metabolic rate of the opposite cerebellum.
At the present time, there are few data that per tain to the metabolic relationship that exists be tween cerebral and cerebellar hemispheres under normal conditions. A study of active motor speech production in eight normal subjects (Heiss et al., 1987) found asymmetrical activation in the somato sensory cortex (left> right) and in cerebellum (right > left). Another study of 24 subjects at rest (Junck et al., 1987) showed an inverse relationship between metabolic asymmetry in the frontal cortex and in the cerebellum. If there is a true association be tween these regions, then asymmetrical metabolic activation of the cerebral hemispheres should lead to asymmetrical activation of the cerebellar hemi spheres in the opposite direction. Therefore, we studied normal subjects at rest and during behav ioral activation with two tasks known to us to pro duce asymmetrical hemispheric metabolic activa tion. We used a double-injection modification of the standard kinetic model for measuring the cerebral metabolic rate for glucose (CMRglc ) with e8F]flu-orodeoxyglucose and PET. This model allowed us to study cerebral metabolism in each subject se quentially under two separate behavioral condi tions. As a result, it was possible to correlate the amount of metabolic activation in the various re gions of one hemisphere and in the contralateral cerebellum.
SUBJECTS AND METHODS

Subjects
Subjects performing the verbal memory task were 14 healthy normal volunteers (9 males and 5 females) aged 46 to 83 years (mean ± SD of 60.9 ± 11.4 years). The edu cational level was 14.4 ± 3.1 years. Eleven subjects were right handed, while the other three had a left-hand pref erence.
Subjects performing the tactile somatosensory task were 23 healthy normal volunteers aged 23 to 84 years (mean ± SD of 47.4 ± 21.1 years). The educational level was 17.2 ± 3.1 years. Twenty-one subjects were right handed and the other two were left handed.
Magnetic resonance (MR) scans, which were per formed on all but six of the subjects, were negative for focal abnormalities or for cerebral atrophy greater than that expected for age. No subjects were on medication.
Positron emission tomography
eSF]fluorodeoxyglucose (FDG) was prepared by the cyclotron staff of the Mount Sinai Medical Center, using the nucleophilic reaction (Tewson, 1983) , modified to produce multimillicurie doses (Vora et aI., 1985) . Sub jects arrived 1 h prior to commencement of PET scanning (performed between 11:00 a.m. and 4:00 p.m.). Subjects fasted for a minimum period of 3 h prior to the study and had not smoked cigarettes or taken any medication, alco hol, coffee, or tea on the day of the study.
Radioactivity and glucose concentrations were mea sured at predetermined intervals throughout the study. All subjects, except for 11 in the somatosensory group, had blood drawn through hand veins that were arterial ized by heating. Those 11 subjects had blood drawn through the radial artery near the wrist, since they were also part of a study of cerebral blood flow that required arterial blood samples. Scanning was performed by a PETT V, seven-slice camera (in plane resolution: 15 mm x 15 mm full width at half-maximum and 15 mm in the axial direction), for a duration sufficient to obtain 1.5-2.0 x 106 counts in the slice with the highest activity (average time of 20 min). The subjects remained supine throughout the procedure.
All subjects were studied by the double-injection double-scan procedure described by Chang et al. (1987) . Regional cerebral metabolic rates of glucose (rCMR glc) for grey matter structures for the first scan were calcu lated using an operational equation (Hutchins et aI., 1984) . For the first behavioral state, a bolus of 2.5-3.5 mCi of FDG was administered intravenously; 30 min later, a 20 min PET scan was performed with the subject's head immobilized by a custom-made polyurethane head mold. Immediately thereafter, a second behavioral state was initiated. Two minutes later, a second 2.5-3.5 mCi bolus of FDG was administered and the second state was maintained for the next 30 min. The patient was then repositioned in the scanner utilizing the same head mold, and a second 20 min PET scan was performed. rCMRgl c values for the second scan were calculated as described by Chang et al. (1987) . This method has undergone a de tailed error analysis and has been found to have less error than two separate PET studies using FDG (Chang et aI., 1989) .
Attenuation correction of the images was performed by means of an operator drawn ellipse. Slices were assigned a level above the inferior orbitomeatal line, parallel to the plane of scanning and using a standard brain atlas (Ey cleshymer and Schoemaker, 1976) , as described previ ously (Duara et aI., 1983) . Regions of interest (ROIs) were obtained by a computer program that automatically placed 8 mm x 8 mm size contiguous boxes, row by row, at locations of peak metabolism, over the entire cortex and subcortical gray matter structures. Cerebellar ROIs were defined along the cortex of the cerebellum on one horizontal slice through the cerebellum. Positions of any of the boxes were adjustable by the operator, who deter mined if incorrect peaks were located. The operator then selected one to four boxes to correspond to each of 67 regions (32 bilateral and 3 midline regions) as shown in the standard brain atlas. [This method of analysis corre sponds to the method described in a previous publication (Duara et aI., 1983) , with the exception that boxes of a fixed size were projected onto the cortex and subcortical regions rather than freehand outlining of regions of inter est.] ROIs for the second scan were obtained by project ing the ROIs from the first scan onto the second scan at the same coordinates. No adjustments to these ROIs were made. Monitoring the display of the position of these projected ROls was another way we insured accu rate repositioning. This method of assessing changes from state 1 to state 2 can cause an apparent reduction in re sponse from scan 1 to scan 2, since the results from scan 1 are based on peaks. However, because of the low res olution of the PET camera used, the peaks are very broad and this effect is probably small.
Mean cerebral gray matter rate for glucose (xCMRg 1c ) was calculated by obtaining a mean value for all boxes in the brain, selected for regional analysis. Metabolic rates were also calculated, reflecting the mean value for all regions contained in the following lobules: prefrontal, premotor, sensory-motor, orbitofrontal, superior pari etal, inferior parietal, superior temporal, middle tempo ral, medial temporal, occipital, deep gray (basal ganglia and thalamus), and cerebellum.
Verbal memory task
All subjects read a series of passages that were de signed for easy comprehension at the fifth to eighth grade levels (Kleman and Kleman, 1980) . Each passage con tained a specific number of information elements. After each passage was read, the subject was asked to recall as many of the elements from that passage as possible. This procedure continued for a period of 30 min. Four subjects in this group had a rest scan followed by an activation scan, while 10 subjects had the activation scan first.
Tactile somatosensory task
Each of the 23 subjects was blindfolded and asked to discriminate by palpation among three classes of mah jongg tiles: those inscribed with either (a) one or more lines, (b) one or more circles, or (c) a Chinese character. The procedure continued for a period of 30 min. This task has previously been shown to activate consistently the contralateral somatosensory cortex in humans (Ginsberg et al., 1987 (Ginsberg et al., , 1988 , with slightly more activation for right than left-hand stimulation. Twelve subjects performed the task with the right hand, and 11 used the left hand. The results for right-and left-hand activation were com bined by switching the right and left hemisphere ROI data for the left-hand task. As a result, right hemisphere brain results are always ipsilateral and left hemisphere results are contralateral to the activated hand. All subjects in this group first had a resting scan that was followed by an activation scan.
Statistical analysis
Analyses were performed separately for the results from each task. Regional CMR glc values were analyzed utilizing a multivariate analysis of variance (MANOVA) with two repeated measures-task (rest versus activa tion) and hemisphere (right versus left). This approach is designed for situations in which there are mUltiple and related dependent measures. Four such MANOV As were performed using as dependent measures the (a) frontal lobules, (b) parietal lobules, (c) temporal lobules, and (d) the cerebellum. Post hoc univariate analyses were only examined following a significant multivariate F. and the criterion for significance was set at p = 0.05 for the MANOV A results. Because of multiple post hoc compar isons in the case of the frontal, parietal, and temporal lobules, the criterion for significance for each univariate comparison was set at p < 0.017, by the Bonferroni cor rection.
The relationship between indices of asymmetry of ac tivation in supratentorial and cerebellar regions was ex amined using Pearson product moment correlation coef ficients and a two-tailed significance level. The index was computed as percent activation within the right hemi sphere minus percent activation within the left hemi sphere. Because of mUltiple tests, namely nine correla tions, a more stringent criterion for significance of p ,,:; 0.0 1 was adopted for each individual comparison. A more conservative Bonferroni correction was also employed to examine those results.
To determine whether the inclusion of left-handed sub jects influenced the results obtained, all analyses were conducted using both the full group of subjects and only right-handed subjects. The results were similar for both groups so only data for the combined group are pre sented.
RESULTS
Verbal memory task
Subjects read an average of 18. 1 ± 3.9 passages, with the number of information elements averaging 20.4 ± 0.8 per passage. The percentage of recalled information elements averaged 52.5 ± 17.9% (range of 22-80%). Based on approximately five words per element over 32 min of total time, the mean number of words spoken per minute was 88.
J Cereb Blood Flow Metab. Vol. 11, No.1, 1991 The gray matter xCMRglc value at rest was 6.5 ± 1. 1 mg 100 g -I min -1 and during activation was 7.4 ± 1.4 mg 100 g-I min -I, showing a 14.2 ± 14.6% increase (range of -16-4 1%). The ratio of gray mat ter metabolism in the whole right hemisphere to that in the whole left hemisphere was 1.02 and 1.0 1 dur ing rest and activation, respectively. Table 1 shows the results of the four MANOV As performed for frontal, parietal, and temporal lobules and the cerebellum, and Table 2 shows rCMRglc for each lobule with the results of follow up univariate F tests. Significant task effects were found in the parietal and temporal lobes and the cerebellum. Follow-up univariate tests revealed higher metabolism during activation than rest in all parietal lobules, all temporal lobules, and the cere bellum, with increases ranging from 10.4% to 21.8%. Significant hemisphere effects were found in the temporal lobe and univariate tests showed greater metabolism in the right than left middle tem poral lobule. The interaction between hemisphere and task was significant in the frontal and parietal lobes and the cerebellum. There was a greater met abolic increase (from rest to activation ) on the left than the right in premotor (16.8% versus 12.5%) and sensory-motor (15.6% versus 12. 1%) regions. Con versely, in the cerebellum, the right side showed a greater increase than did the left (18.9% versus 14.6%).
The relationship between indices of asymmetry of activation in supratentorial and cerebellar re gions is shown in Table 5 . The only significant cor relation at the p = 0.0 1 level was between the cer ebellum and sensory-motor region (r = -0.63, p = 0.01). However, this result was not significant when the Bonferroni correction was applied.
Tactile somatosensory task
The subjects palpated approximately three tiles per minute, with an error rate of �25%. The xCMRglc value for these subjects during the resting state was 7.4 ± 2.0 mg 100 g-I min -I and during the activation state was 7.4 ± 2. 1 mg 100 g-I min -I, representing an increase of only 1.0 ± 9.5% 6.5 ± 1. 0 7. 2 ± 1.3 11.2 ± 13.5 6. 3 ± 1. 1 7. 2 ± 1. 4 15.1 ± 17.6 7.2 ± 1.3 8.1 ± 1.5 12.3 ± 16.0 6.8 ± 1. 2 7.9 ± 1.5 16.8 ± 18.8 5. 3 ± 1. I 6.0 ± 1. 2 14.6 ± 18.1 5.4 ± 1. 1 6.1 ± 1.2 16.3 ± 20.8 6. 6 ± 1. 2 7.4 ± 1.5 12.1 ± 13.1 6.5 ± 1.2 7.5 ± 1.5 15.6 ± 14.8 6.3 ± 1.4 6.9 ± I.7 10.4 ± 12.9 6.2 ± 1. 3 7.0 ± 1.6 12.9 ± 13.0 6. 6 ± 1. 3 7.6 ± 1.6 15.3 ± 14.1 6. 6 ± 1. 3 7.5 ± 1. 5 13.6 ± 12.4 6. 7 ± 1. 1 7.6± 1.4 13.6 ± 16.1 6.4 ± 1.2 7.5 ± 1.5 17.1 ± 18.3 5.7 ± 0.8 6.8 ± 1.1 18.9 ± 13.4 5.4 ± 0.6 6.6 ± 1.2 21.8 ± 15.3 5.3 ± 1.0 5.9 ± 1.0 12.9 ± 16.3 5. 3 ± 1. 2 6.0 ± 1.2 14.2 ± 15.7 6.0 ± 1.0 7.2 ± 1.5 18.9 ± 16.8 6. 1 ± 1. 1 6.9 ± 1.5 14.6 ± 18.3 t, h, i indicate significant (p � 0.05) univariate task, hemisphere, and task by hemisphere interaction effects, respectively. Univariate effects were examined only following a significant (p � 0.05) multivariate effect.
(range of -19-20%). The right to left ratio of gray matter metabolism in the whole brain was 1.00 and 0.99 during rest and activation, respectively. Tables 3 and 4 show the MANOV A and follow-up univariate results, respectively. Significant task, hemisphere, and task by hemisphere interaction ef fects were found in the parietal and temporal lobes. However, follow-up F tests showed no significant univariate task effects for lobules. Univariate tests did reveal a right greater than left hemisphere effect in the middle temporal lobule. The only other sig nificant univariate result was in the sensory-motor region, where hemisphere and interaction effects were seen. In that region, the left to right ratio was greater than 1.0 during both rest (1.02) and activa tion (1.06), and the increase in metabolism during activation was greater in the left (4.9 ± 11.6%) than the right (2.4 ± 11.4%) hemisphere. Table 5 shows correlations between asymmetry of activation indices in supratentorial regions and the cerebellum. The only significant correlation at the p = 0.0 1 level was between the cerebellum and sensory-motor region (r = -0.57, p = 0.004). This result was also significant when the Bonferroni cor rection was applied.
DISCUSSION
The verbal memory task produced global meta bolic activation in the brain, but the pattern of ac tivation was variable, as evidenced by the high vari ances, and was somewhat diffuse. Overall, the pre dominant supratentorial activation was within the left hemisphere. It is likely due to the left hemi sphere's dominance for language function, which constituted a major part of all function during the verbal memory task. The strong effect of language on left hemisphere activity has been amply demon strated in numerous studies (Risberg et aI., 1977; Nishizawa et aI., 1982; Gur et aI., 1983 ). The con siderable variability of the metabolic response to behavioral activation possibly reflected the great degree of interindividual differences with regards to performance of the activation task. This variability in performance is only partially represented by the percentage of recalled information elements. Unfor tunately, the response of each subject in terms of mental effort and anxiety cannot be measured. In the mah jongg tile discrimination task, the ce rebral activation was very focal and consistent, re stricted to the sensory-motor region contralateral to the activated hand. The effect of a somatosenso ry task on human brain metabolism and blood flow has been measured by several investigators (Halsey et aI., 1979; Fox and Raichle, 1986; Ginsberg et aI., 1987 Ginsberg et aI., , 1988 , who all found focal activation of the contralateral sensory-motor cortex. However, they did not focus on the effects of cerebellar metabo lism nor its relationship to cerebral metabolism. In this study, each subject acted as his/her own control, so that the degree of metabolic activation could be objectively defined in the right and left hemispheres. There was no operator bias in calcu lating ROI data for the second image, since the ROI boxes from the first image were projected onto the second image. As long as the subjects could be re liably repositioned, as was the case with the use of a head mold, the degree of activation could be ob jectively measured, especially with regards to sym metry of the activation. Furthermore, since all sub jects performing the mah jongg tile task had a rest ing scan first, and 10 of 14 subjects performing the verbal memory task had an activation scan first, any systematic effect related to the order of the tasks is, for the most part, controlled.
Both tasks showed a significant relationship be tween the asymmetry of activation in the cerebel lum and in the sensory-motor region. Although this effect was only significant at p = 0.0 1, rather than p < 0.006, as required by the Bonferroni correction, this procedure may be overly conservative when a large number of contrasts are examined. Indeed, the large correlation coefficients that were only spe cific to sensory-motor/cerebellar relationships in two different tasks, with virtually no functional ac-tivities that were common to both tasks, suggest strongly that the coupling of the sensory-motor and cerebellar regions is real and not incidental to some other aspects of these tasks.
Our findings, using behavioral activation, suggest a functional relationship between the sensory motor cortex and the cerebellum. The variability of metabolic increase was large, as can be seen partic ularly in Tables 2 and 4 . Although this variability may generally be considered a limiting factor in the use of metabolic activation paradigms, it did not pose a problem for this particular analysis. Meta bolic coupling between structures, as determined by the correlated coefficients, should be indepen dent of variability in asymmetry upon activation. Instead, the correlation is dependent on the strength of the functional relationship. In fact, it is possible that the heterogeneity in the cortical re sponse could have attenuated the obtained correla tions, because inconsistent activation of several cortical regions may have had an independent effect on cerebellar asymmetry. For example, left to right saccadic eye movements during reading may inde pendently result in right cerebellar activation. Hence, the observed correlation coefficients may actually underestimate the true correlations be tween specific cortical areas and the cerebellum.
Previous research has established that the corti copontocerebellar pathway has an important role in the cerebrocerebellar connection (Baron et aI., 1980) . Thus, studies that have examined patients with brain lesions have observed "crossed cerebel lar diaschisis," which might have been caused by interruption of these descending fibers from the ce rebral cortex. However, the origins of these path ways are widespread and the magnitude of the CCD effect as a function of lobar location of the lesion has been unclear in humans. Lenzi et al. (1982) found CCD to be more pronounced following pari etal infarction. Kushner et al. (1984) also reported a high degree of association between parietal lesions and CCD. However, Martin and Raichle (1983) ob served that CCD occurred commonly following ce rebral infarction in the frontal lobe. In addition, Pa tronas et al. (1984) showed that CCD was present when a neoplasm encroached upon the motor sensory cortex and/or the thalamus. Pantano et al. (1986) attached importance to deep middle cerebral artery territory infarcts, especially those involving the internal capsule and lentiform nucleus, as prom inent causes of CCD.
Our results are consistent with recent work in the rhesus monkey (Sasaki et aI., 1976; Brodal, 1978) , which showed that the majority of the descending input destined for the cerebellar hemisphere origi-nates in motor and premotor areas. Although sig nificant correlations do not necessarily imply a cau sal effect, it is likely that the metabolic activation that occurred in the cerebellum was closely related to metabolic activation in supratentorial regions, es pecially the sensory-motor region. Further support of this effect comes from the studies done on mon keys by Kennedy et al. (1980) , showing that unilat eral hand movement caused an increase in glucose consumption in the opposite motor cortex and the ipsilateral cerebellar hemisphere, among other re gions.
The present findings represent the inverse of the usual diaschisis effect, when a hemispheric lesion is associated with hypometabolism in the opposite cerebellum. This study represents the best quanti tative demonstration of highly specific metabolic coupling between the sensory-motor region and the opposite cerebellum in the normal human brain. U s ing this study as a model, it may be possible to use other types of activation tasks to explore functional coupling in different pairs of regions in the brain that are of interest, and thereby to map important functional connections along with the specific meth ods by which these connections can be tested.
